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Introduction
Rheology is a branch of study used to describe and assess the deformation, flow, and plastic
behavior of solid materials. Plastic deformation naturally occurs in the Earth’s lower crust and
upper mantle, governing the nature of plate tectonics. To understand this phenomenon, largescale deformation studies of rocks are commonly conducted at high temperatures and under large
confining pressures, simulating the conditions found in the mantle, to prevent cracking and
promote plastic deformation. However, such testing provides limited insight into the local
deformation processes occurring at the intracrystalline level, and repeated testing to achieve
statistically significant results can be challenging. Nanoindentation, a testing technique from
materials science, involves pushing a sharp indenter into a specimen with a precisely controlled
amount of force and can be a significant tool in investigating the viscoplastic rheology of
geological materials. By pressing a small pyramidal indenter into the rock’s surface at positions
of interest, we can probe variations in properties over micron length scales, while the
undeformed material surrounding the indent provides a natural constraint against crack formation
and growth. This approach can gather information about the hardness and yield strength of the
rock at lower temperatures than what have been previously tested with traditional methods.
For the scope of this experiment, nanoindentation methods were used to characterize the local
plastic deformation behavior of Westerly granite at low temperatures. Westerly granite is
composed of quartz and two types of felspar, orthoclase and plagioclase, which are widely
abundant in the Earth’s crust. This composition allows for a way to quickly characterize multiple
phases and orientations at once, yielding more useful data. The results from studying these
minerals can be compared to previously published data to learn more about their properties.

Methods
Sample Preparation
A 1x1 cm sample of Westerly Granite was sectioned from a parent piece with a thickness of 1
mm. The sample was ground using silicon carbide papers, ranging from 400 to 1200 grit size, to
create a smooth, even surface. Polishing was continued with a series of 1µm, 0.5µm, and 0.1µm
diamond paste. The process was completed by a 0.02µm colloidal silica solution in order to
minimize scratches and fully expose the microstructure.
Sample Characterization
To identify mineral phases and crystallographic orientations within the sample, the granite
sample was characterized using electron backscatter diffraction (EBSD) on an JEOL JSM-7001
field emission scanning electron microscope (SEM). To obtain a full map of the sample, imaging
was completed in two sessions. Orientations of each phase were analyzed and identified using
the mtex toolbox in MATLAB.
Mechanical Testing
Nanoindentation tests were conducted to obtain information about the hardness and elastic
modulus of each phase. During the course of the indentation process, the depth of the penetration
and applied load are recorded and the area of the indent is determined using the known geometry
of the indentation tip. From these measurements, a load-displacement curve is generated. The
slope of this curve, indicative of the stiffness of the contact between the tip and the sample, is

used to calculate the reduced elastic modulus of the material. The hardness is found by relating
the maximum load to the indentation area. Indentations were conducted on a Hysitron TI 950
Triboindentor at room temperature (23 ͦC), with an applied max load of 8000 µN and a
triangular pyramidal Berkovich tip. A total of four areas were tested.

Results
The complete EBSD map for the whole sample is shown in Fig. 1, and accompanying
orientations maps for each phase are shown in Fig. 2, 3, and 4.

Figure 1 EBSD map of Westerly Granite sample.

Figure 2 Orientation map of quartz grains within Westerly Granite sample.

Figure 3 Orientation map of plagioclase grains within Westerly Granite sample.

Figure 4 Orientation map of orthoclase grains within Westerly Granite sample.

As previously mentioned, four areas were used for nanoindentation tests. For three sets of
experiments, a 21x21 array of points were probed for a total of 441 points. Two of these areas
are shown in Fig. 5 and 6. One area was tested with an 11 x 11 array of indents. For all tests,
hardness and elastic modulus for each point was plotted as a function of its position to illustrate
the effect on the material property based on the phase being observed.

Figure 5 Hardness (left) and elastic modulus (right) of 21x21 indentation array area with 10 µm
spacing.

Figure 6 Hardness (left) and elastic modulus (right) of a different 21x21 indentation array area with 10
µm spacing.

After indentation testing, data for all grains was averaged, and then separated and sorted
according to phase. The average measured hardness was plotted against the average elastic
modulus for each grain and separated into plots by phase (see Fig. 7, 8, and 9). Each grain is
representated by unique markers in the plot to show the separation in the data. Error bars were
added to each point to denote the standard deviation for the measured values.

Figure 7 Average elastic modulus vs. average hardness for all quartz grains tested at room
temperature.

Figure 8 Average elastic modulus vs. average hardness for all orthoclase grains tested at room
temperature.

Figure 9 Average elastic modulus vs. average hardness for all plagioclase grains tested at room
temperature.

Discussion
By observation, there is a noticeable amount of spread amongst all three plots. This can be
explained by the proximity with which the indentations were tested with respect to the grain
boundaries. As well, differences in defect densities within each grain would contribute to the
spread in data.
In comparing the modulus and hardness, quartz consistently yielded higher values of the three
phases. Previously reported results state that feldspar is expected to have a larger modulus and
hardness than quartz. Earlier experiments conducted on synthetic quarts suggest an inverse
relationship between its mechanical properties and temperature, where an increase in temperature
causes a decrease in hardness and reduced modulus. [1] These results suggest the possibility that
there exists a critical temperature where a shift between the mechanical properties of quartz and
felspar occurs, and the measured modulus and hardness surpass that of quartz. Further
nanoindentation testing at higher temperatures should be performed to investigate this
hypothesis.

Conclusion
By performing nanoindentation tests on a sample of Westerly Granite, the flow behavior of
quartz, orthoclase, and plagioclase can be simultaneously explored over micron length scales and
yield information about their mechanical properties at lower temperatures than previously tested
with traditional methods. For this experiment, a 1x1 cm sample was tested at room temperature
(23 ͦC), with an applied max load of 8000 µN, and over four different areas of indentation arrays.
The results of these tests yielded both a higher modulus and hardness in quartz than the other two
phases. Tests at higher temperatures should be conducted to explore the possibility of a critical
temperature where a shift occurs and the mechanical properties of orthoclase and plagioclase
surpass those of quartz.
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